The number of primordial follicles in the ovarian reserve is an important determinant of the length of the ovarian lifespan, and therefore the fertility of an individual. This reserve contains all of the oocytes potentially available for fertilization throughout the fertile lifespan. The maximum number is set during pregnancy or just after birth in most mammalian species; current evidence does not support neofolliculogenesis after the ovarian reserve is established, although this is increasingly being reexamined. Under physiological circumstances, this number will be influenced by the number of primordial germ cells initially specified in the epiblast of the developing embryo, their proliferation during and after migration to the developing gonads, and their death during oogenesis and formation of primordial follicles at nest breakdown. Death of germ cells during the establishment of the ovarian reserve occurs principally by autophagy or apoptosis, although the triggers that initiate these remain elusive. This review outlines the regulatory steps that determine the number of primordial follicles and thus the number of oocytes in the ovarian reserve at birth, using the mouse as the model, interspersed with human data where available. This information has application for understanding the variability in duration of fertility that occurs between normal individuals and with age, in premature ovarian insufficiency, and after chemotherapy or radiotherapy.
INTRODUCTION
At or around the time of birth, depending on the mammalian species, the ovary contains its maximum quota of primordial follicles, which constitute the true ovarian reserve of the female germ line [1] . This reserve contains all of the oocytes potentially available for fertilization throughout the fertile lifespan. All growing follicles that subsequently either ovulate or (mostly) die emanate from this pool of primordial follicles, which declines with age [2, 3] . Current evidence does not support neofolliculogenesis contributing to the ovarian stockpile of primordial follicles after the ovarian reserve has been fully established in most mammalian species, although it is possible that it occurs in a few species [4, 5] . Recent lineagetracing experiments indicate that germ line stem cells do not contribute new oocytes to the ovarian reserve in adult mice under normal physiological or pathological conditions [6, 7] . However, cells expressing stem and germ line makers have been isolated from postnatal ovaries of several species, including mouse, rat, cow, and human, and which following in vitro proliferation and reinjection back into the ovary appear to be able to form follicles and mature oocytes, and, in rodents, have resulted in live birth [8] [9] [10] . The physiological role of these cells, if any, is currently unknown.
The size of the ovarian reserve varies between species and also between individuals of the same species or strain. This variability has been correlated with the fertile lifespan, and in the case of women, the time of onset of menopause [11] . Wallace and Kelsey [12] , using mathematical modeling, estimated that at birth, girls have an average of 295 000 primordial follicles in their ovarian reserve, with an extremely large predicted range of 34 800 to 2 508 000 primordial follicles. Using this number of primordial follicles at birth and the rate of subsequent decline based on published data [3] , their model estimates an average age at menopause of 49.6 yr, with a predicted interval of 38.7-60.0 yr. This indicates very wide variability between individual women both in the size of the birth complement of primordial follicles and the likely associated age at menopause. Whether this indicates the nature of the control mechanisms acting during ovarian development or the potential impact of external influences is unknown, but this contrasts sharply with the very similar average age of menopause of women across a wide range of ethnicities and geography [13] . Based on the concept of links between the ovarian reserve and fertility underpinning a reduction, then loss, of fertility, followed by menopause [14] , quantifying and predicting the ovarian reserve would be important information for women who delay pregnancy until their late thirties or even later, and indeed there is great interest in the value of biomarkers of this [1, 15] . Furthermore, the number of healthy primordial follicles in the ovarian reserve at the time of insults by known doses of radiotherapy or chemotherapy for cancer treatment can predict the age of ovarian failure and therefore the fertile lifespan of the individual [16] . In summary, the number of primordial follicles in the ovarian reserve is an important determinant for the length of the ovarian lifespan of an individual [11] . Increasing life expectancy also means an increasingly prolonged duration of life after depletion of the ovarian reserve and consequent loss of estrogen production by the ovary: this has important implications for bone, cardiovascular, and cognitive health and overall mortality [17] .
Given the mathematical relationships cited above, it is important to know how the number of primordial follicles is established in the fetal ovary. This number will likely be influenced by the number of primordial germ cells (PGCs) initially specified, the extent of their proliferation and death during and after migration and oogenesis, and at the time of nest breakdown.
This review will outline the steps that may determine the ultimate number of primordial follicles containing oocytes in the ovarian reserve at birth, and how that number is regulated at each step. Because of the difficulty in studying these processes in the human fetal ovary, there are relatively few data. In contrast, there is a comprehensive data set for the mouse, which we will use as an appropriate model, interspersed with human data where available. The reader is also referred to other reviews related to this topic that cover specific aspects in greater detail [4, [18] [19] [20] [21] [22] [23] .
ORIGIN, MIGRATION, AND PROLIFERATION OF PGCs
In mice, PGCs arise from ancestor cells within the proximal epiblast in response to inductive signaling from the extraembryonic ectoderm, which results in suppression of the somatic cell program and activation of the PGC program in a small number of cells [24, 25] .The mechanism(s) responsible for establishing the germ cell lineage within the epiblast, the number of cells involved, and the exact time their lineage is established are not precisely known, but certain details have become clearer in recent years. The specification of PGCs is thought to occur as early as 6.25 days postcoitum (DPC). It is triggered by Sox17 [26] and a gradient of BMP4 and Wnt3, and is influenced by gradients of inhibitory factors, such as Cer1, Dkk1, and Lefty1, emanating from the anterior visceral endoderm [25] . By 7 DPC, a cluster of about 45 progenitor PGCs can be visualized by alkaline phosphatase staining [27] . These cells also express the key transcription factors Blimp1 and Prdm14 as early as 6.25-6.5 DPC, which are responsible for inducing germ cell fate [28, 29] . Many genes intrinsic to lineage-restricted PGCs have now been identified through single-cell transcriptional profiling [4, 25, 29] . Alterations in the extent of lineage restriction of PGCs could have a large impact on the number of germ cells that ultimately enter meiosis (see below).
GERM CELL MIGRATION TO THE GENITAL RIDGES
Once they become lineage restricted by early on 8 DPC, there is a mean of 124 PGCs (range, 93-193) with doubling times of about 16 h between 8.5 and 13.5 DPC [30] . From 8 DPC the endoderm invaginates to form the hindgut, and the PGCs follow along its length. From a ventral position in the hindgut wall, the PGCs migrate into the two developing gonadal ridges. It is unclear whether the movement of the PGCs from the base of the allantois to the gonadal ridges is an active migration or part of a ''passive'' morphogenetic tissue movement; it is most likely both. The developing autonomic nervous system may also contribute, because human PGC migration along nerve fibers has been reported [31] .
The majority of PGCs reach one gonadal ridge or the other; a few end up in the adrenal gland (which originates from the same primordium as the urogenital ridge); and those that lag in the midline position or mesentery are lost, most likely by apoptosis [24] . There is no information about the extent or variability of these losses, but the impression is that it is ''relatively few.'' Expression of the Kit ligand/Kit receptor signal transduction pathway is essential for migration of PGCs [32] but not establishment of their lineage [24] . However, the extent to which variations in the level of expression or action of this and other pathways alters the rate of migration of PGCs is not known. Other PGC genes known to influence migration include a2 Integrin and Fgf8, whereas expression of cell surface adhesion proteins in the somatic cell migratory pathway and chemotropic signals from the genital ridges also influence migration [24] . Alterations in the time taken for PGCs to migrate from the epiblast to the gonadal ridges could affect the extent of proliferation and therefore ultimately the number of oocytes entering meiosis.
GERM CELL PROLIFERATION
It is informative to consider the number of germ cells present as PGCs, oogonia, or oocytes, from 8 DPC, when
FIG. 1. The number of germ cells in the mouse (A) ovary (adapted from
Myers et al. [33] with permission from the Society for Reproduction and Fertility) and the human (B) ovary (adapted from Baker [35] with permission from The Royal Society) during oogenesis and establishment of the ovarian reserve.
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lineage restriction is established, to the formation of the ovarian reserve after birth in mice (Fig. 1) . Beginning with a mean of 124 PGCs at 8 DPC [27] , the numbers increase exponentially up to about 15 000 oogonia per ovary by 15.5 DPC at the time of entry into meiosis and cessation of mitosis [33] . Thereafter, the total number falls such that by Postnatal Day 3 (PND 3) there are around 7000, with a large variability between individual C57BL/6 mice [33, 34] . The limited human data suggest that there are a maximum of approximately 5 000 000 germ cells per ovary at 20 wk of gestation, when primordial follicles are first seen, followed by a dramatic fall (Fig. 1) [35, 36] . The difference in timing of the peak compared with the mouse, in relation to onset of meiosis, may reflect the marked asynchronicity of germ cell development in the human. Although the onset of meiosis occurs by 9 wk after conception (also referred to as 11 wk gestation) [37] , mitosis continues in more peripherally located germ cells for many weeks thereafter, even while primordial follicles have started to form [38] .
The number of lineage-restricted PGCs present by 8 DPC could influence the final number of oogonia entering meiosis in the gonadal ridges, and therefore ultimately the size of the ovarian reserve. Although Ginsburg et al. [27] reported a mean of 124 PGCs present at 8 DPC, there was a range of PGCs. Based on this range and assuming a 16-h doubling time [30] and no losses of PGCs, the range of PGCs entering meiosis after 13 DPC could be between 12 000 and 25 000, more than a 2-fold difference. Likewise, any variation in the doubling times of the PGCs during transit to and residence in the genital ridge would influence the final number entering meiosis. There are few data to inform any of these possibilities, but mice null for Pin1, a regulator of the speed of the mitosis, showed reduced PGC proliferation and had fewer primordial follicles postnatally [39] .
Germ cell proliferation may be a time of sensitivity to external influences, whose impact is of growing concern [40] . Maternal smoking is associated with a reduction in the number of germ cells in the human fetal ovary [41] . The aryl hydrocarbon receptor is expressed by germ cells at the appropriate time of gestation and might mediate this effect; in vitro treatment of the human fetal ovary with an aryl hydrocarbon receptor ligand found in cigarette smoke reduced germ cell proliferation [42] .
MITOTIC-MEIOTIC TRANSITION OF GERM CELLS
Primordial germ cells entering the genital ridges between 10 and 11 DPC are no longer locomotory. By 12.5-13.5 DPC, after two to three more rounds of mitosis, the PGCs, now called gonocytes or oogonia, cease mitosis and enter a premeiotic stage, with downregulation of pluripotency-associated genes, such as Oct4 and Lin28, and upregulation of meiotic genes, such as Scp3. In the human, this occurs from approximately 12 to 14 wk of gestation [43] . Entry into meiosis is primarily determined by exposure to retinoic acid in mice, probably from the mesonephros [44] , although there also appears to be a need for germ cells to acquire competence to respond [44] . At this time there is a wave of germ cell death (discussed below). The oogonia, now classified as primary oocytes, then enter meiotic prophase in a wave from the anterior to the posterior of the genital ridge or presumptive ovary; during the remainder of pregnancy they pass through leptotene, zygotene, and pachytene stages of meiosis then enter diplotene at about 17.5 DPC, which is completed by 5 days after birth (PND 5) in mice [24] .
NEST BREAKDOWN AND FORMATION OF PRIMORDIAL FOLLICLES
From 12.5 to 13.5 DPC the oogonia start to develop into nests (also known as clusters and cysts). They interact with somatic or pregranulosa cells and become organized into ovigerous cords, which remain until primordial follicles form, when the nests break down [45] . Oogonia within a nest that have not entered meiosis can proliferate and retain intercellular bridges, which would allow transmission of mRNAs, miRs, proteins, and organelles between them [46] . It has been suggested that steroid hormones in the maternal circulation keep the nests intact, preventing oocyte death, whereas late in pregnancy and at parturition, hormone levels, particularly estradiol, fall, triggering nest breakdown and associated oocyte loss [47] . Estrogenic regulation of nest breakdown has been demonstrated in nonhuman primates [48] , and the presence of estrogen receptors in human germ cells at the time of follicle formation [49] gives credence to a possible role. A recent in vitro study suggests that Follistatin 288 has an impact on nest breakdown and primordial follicle assembly by inhibiting proliferation of somatic cells, implicating a role for activin [50] , also implicated in the human [51] . The nests begin to break down into single oocytes before birth up until around PND 5 in mice, during which time many oocytes die by apoptosis [45] , although it has been established recently that oocyte death is not a prerequisite for nest breakdown [52] . The oocytes that die at nest breakdown possibly functioned as nurse cells for the surviving oocytes, providing them with small metabolites, energy, and even organelles, such as mitochondria, to support their future development. Nest breakdown is necessary for germ cells to become enclosed by pregranulosa cells to form primordial follicles, and meiotic arrest then occurs [45] . The triggers for the mechanisms governing nest breakdown and oocyte death at this time are not understood.
OOCYTE ATTRITION
The maximum number of germ cells in mice occurs at the time of entry of primary oocytes into meiotic prophase (Fig. 1) . Thereafter, up to two thirds of the germ cells are lost before the ovarian reserve is established just after birth. The peak in germ cell numbers in human ovaries occurs at 20 wk of gestation, after which there is a dramatic decline in germ cell numbers similar to that seen in mice. The extent of germ cells losses during this time ultimately influences the size of the ovarian reserve. Although we have some information on the molecular mechanisms by which oocytes are eliminated, the factors that trigger these developmentally regulated processes remain largely a mystery.
Mammalian somatic cell death can occur by apoptosis, necrosis, autophagy [53] , or necroptosis [54] . The difference between these processes involves differences in the mode of death, and the morphologic, biochemical, and molecular characteristics. Although there are currently no published data for either necrosis or necroptosis being responsible for germ cell death prior to formation of the ovarian reserve, recent work indicates that autophagy may play a role in the life and death decision of oocytes, particularly around the time of follicle assembly [55, 56] . However, the extent of its role in germ cell loss during oogenesis remains unclear. Tingen et al. [57] reported a decrease in primordial follicle number in prepubertal mice that was not associated with the expression of classical apoptotic markers PARP1 and cleaved caspase-3, leading the authors to propose an alternate but unknown mechanism of oocyte death.
FORMATION OF THE OVARIAN RESERVE
The role of apoptosis, or programmed cell death, has been extensively studied within the ovary, particularly during the mitotic-meiotic transition and nest breakdown in mice [45, 58] , when the number of germ cells declines dramatically. Germ cell apoptosis has also been demonstrated in the human ovary at this stage [38] . It has been suggested that apoptosis is important for eliminating defective or ''low-quality'' oocytes, such as those with DNA damage (e.g., failure to resolve DNA breaks generated during meiotic crossover) or defective mitochondria [59] . However, direct evidence for apoptosis maintaining the quality of the germ line during oogenesis is lacking. It has been suggested that Elongation Factor 2 Kinase (eEF2K) functions to maintain the quality of the germ line through inhibition of antiapoptotic proteins in response to oxidative stress, rendering germ cells more susceptible to apoptosis and elimination [60] . Although this phenomenon was observed in postnatal oocytes, there were no data provided on oocytes earlier than PND 8.
There is good evidence for the role of some of the proteins that mediate apoptosis in somatic cells [53] influencing germ cell number in the ovary [22] . Myers et al. [33] reported that mice genetically deficient in PUMA, a BH3-only protein, have up to twice the normal number of germ cells by 15.5 to 17.5 DPC, with the difference being maintained up until PND 10, indicating PUMA-mediated apoptosis is important for determining the number of primary oocytes likely to enter meiosis, and therefore ultimately the size of the ovarian reserve. This effect could not be attributed to altered proliferative activity of germ cells. The evidence suggests that PUMA only acts on PGCs or oogonia before or around the time they enter the gonadal ridges, but not during the subsequent decline in number, especially during nest breakdown [33] . Conversely, the antiapoptotic Bcl-2-like protein, MCL-1, is expressed relatively late in human oocytes, just before follicle formation [61] , and there is indirect evidence in mice that Mcl-1 may play a role in preservation of the ovarian reserve during oogenesis in late pregnancy [62] . Conditional inactivation of antiapoptotic Bcl-x resulted in increased apoptosis of PGCs in embryonic [63] but not postnatal [64] oocytes.
Apoptosis requires activation of either the intrinsic or the extrinsic death pathway, and the triggers, either physiological (developmental cues) or cell stressors (environmental in origin), responsible for activating these pathways in PGCs are unknown. In somatic cells [53] and postnatal mouse oocytes [65] , it has been shown that failure to repair DNA damage triggers the intrinsic death pathway of apoptosis via PUMA and NOXA. Other factors known to trigger apoptosis in somatic cells include lack of growth factors (intrinsic pathway) and members of the tumor necrosis factor (TNF) superfamily (extrinsic pathway). The death receptor pathway has previously been shown to regulate female germ cell death [66] [67] [68] [69] [70] [71] . TNF/ TNFR1 and FasL/Fas are expressed in neonatal rodent ovaries [66] [67] [68] [69] . Furthermore, TNF promotes oocyte death in vitro, and deletion of the TNFa or Fas in mice increases primordial follicle number at birth [70] [71] [72] . These data point to a critical role for death receptor signaling in female germ cell apoptosis, particularly during the period of nest breakdown and primordial follicle assembly.
We know very little about how the epigenetic modifications of chromatin in PGCs and oogonia might ultimately influence the health and number of primordial follicles [24] . Epigenetic modification of chromatin occurs principally through methylation of DNA, histone modifications, or noncoding RNAs. Reprogramming of DNA methylation begins just prior to sex determination of PGCs when they enter meiosis as oocytes [21] . This also happens to be when transposon demethylation occurs (see below). Histone modifications of chromatin in PGCs have also been described [73] , but to what extent this and DNA methylation influence the final number of oocytes in the ovarian reserve is not known. One possible line of research would be to investigate the relationship between these epigenetic modifications of PGCs/oogonia and the susceptibility of oocytes to attrition through apoptosis.
Recent evidence suggests that apoptosis at the mitoticmeiotic transition may be mediated by increased LINE-1 retrotransposon activity in the primary oocytes in mice [74] . Suppression of retrotransposons is determined by the epigenetic modification of the DNA, likely through the regulation of piRNAs. In the Mael null mouse model used in this study, which has increased expression of Line-1, there was increased attrition of primary oocytes and a diminished ovarian reserve. Furthermore, these mutant null females have a shortened reproductive lifespan, also indicative of a reduction in the ovarian reserve. Although these data clearly link oocyte attrition to LINE-1 activity, it is not clear whether the trigger for apoptosis through LINE-1 is intrinsic or extrinsic and is related to oocyte quality. The relationship, if any, between the action of PUMA and other apoptotis-related proteins and LINE-1 activity in oocytes entering meiosis has not been investigated.
GERM CELL QUANTITY VERSUS QUALITY
The emphasis in this review has been on germ cell number estimated quantitatively, preferably using a robust method, such as the optical disector/fractionator technique [75] . Germ cells undergoing apoptosis are generally identified by TUNEL or caspase staining, and those with DNA damage are identified by staining for DNA repair proteins, such as cH2AX [33, 65] . Other in vitro methods are needed to measure the quality of germ cells that could be influenced by intrinsic or extrinsic factors, inadequate mitochondrial function, or disturbances in the epigenome. Furthermore, there is no in vivo method currently available to measure directly and repeatedly the number of healthy primordial follicles in the ovarian reserve. The best available methods are indirect, using either ultrasound-based antral follicle count (AFC) or serum levels of Anti-Müllerian Hormone (AMH), which have been correlated with the number of primordial follicles in women [76] but neither of which actually measures directly numbers of primordial follicles [1] .
CONCLUSION
The relationship between the size of the ovarian reserve and the reproductive lifespan highlights the importance of understanding the regulatory factors and processes that determine its establishment. The patterns of rise and fall in the numbers of PGCs in the fetal mouse and human ovary are similar (Fig. 1) , after taking into account differences in the lengths of gestation and the wider variation in the timing of events in the human fetal ovary. Studies in the mouse describe in detail, some at the molecular level, the processes involved in determining the number of PGCs, oogonia, and oocytes ( Fig. 2A) , whereas our knowledge of these processes in the human (Fig. 2B) requires much more research. Of particular note is the extent of the variation in the number of PGCs at each of the stages leading to the establishment of the ovarian reserve. This variation is likely to influence the final size of the ovarian reserve, and hence the reproductive lifespan of the individual and the impact on postreproductive health. However, we have little or no understanding of the causes of this variation, which could be FINDLAY ET AL. related to the nature or timing of the triggers for each of the steps of oogenesis.
Our capacity to unravel the processes of oogenesis in all species is compromised by our inability to measure the number of PGCs or the size of the ovarian reserve, ideally repeatedly in real time, because current methods require a necessarily destructive histological assessment. Surrogate methods, such as measuring AFC or serum AMH levels in adult women, only give indirect measures of the ovarian reserve [1] and are not adequate for the type of studies needed to understand the mechanisms involved in establishing the ovarian reserve. We lack a marker of or method of visualizing primordial (or at least very early growing) follicles that could be used for that purpose.
We do not understand why so many oocytes make up and are then lost from the prereproductive ovarian reserve. For example, in women, only about 1 in 1000 of the primordial follicles at birth will mature to ovulation and produce the estradiol and progesterone required for fertility during the fertile lifespan. Several possibilities offer research potential. Is it an evolutionary hangover from aquatic times, when many eggs are shed directly into the environment to ensure that some will be fertilized and give rise to healthy offspring? Is it to ensure that there will be sufficient eggs with a euploid genome, FIG. 2 . A summary of the processes leading to the formation of the ovarian reserve in mouse (A), and human (B) ovaries (adapted from Hartshorne et al. [18] with permission from Oxford University Press). WINNERS, processes increasing the number of PGCs, oogonia, or oocytes; LOSERS, processes decreasing the number of PGCs, oogonia, or oocytes.
FORMATION OF THE OVARIAN RESERVE
whereas those that have compromised or aneuploid genomes are eliminated? In conclusion, although we know many of the processes that are involved in building the ovarian reserve of oocytes, we are not able to define how the final number is determined.
